Chromoplasts are a common differentiation state of plastids in which the photosynthetic apparatus is absent and carotenoids accumulate to high levels. As a first step toward the isolation of chromoplast-specific genes, we have examined plastids of the bell pepper, Capsicum annuum L., for the presence of chromoplast-specific proteins. Intact chromoplasts were isolated from mature fruits of C. annuam var Emerald Giant, Golden Cal Wonder, and DNAP VS-12 by differential centrifugation followed by isopycnic sedimentation in gradients of silica sols. The plastids were then fractionated into soluble and membrane components and the proteins analyzed by one-and two-dimensional gel electrophoresis using isoelectric focusing, sodium dodecyl sulfate, and sodium dodecyl sulfate-urea gels. Two polypeptides with M, of 35,000 and 58,000 accumulate to high levels in membrane fractions of chromoplasts of var Emerald Giant. These polypeptides are either not detectable or barely detectable in chloroplasts from immature fruits. Both polypeptides have been purified to near homogeneity. Yellow chromoplasts from var Golden Cal Wonder and red chromoplasts from var DNAP VS-12 contained the 35-kilodalton polypeptide, but not the 58-kilodalton species.
In fruits of most red varieties of the bell pepper, Capsicum annuum L., chloroplasts differentiate into chromoplasts. During this process, thylakoids are sharply diminished and the grana are lost (8, 22) ; Chls disappear and carotenoids accumulate to high levels (2, 3, 6) .
The color ofmature fruits of C. annuum is determined by four nuclear genes (12, 13) . Since the photosynthetic machinery disappears and new structures characteristic of chromoplasts are formed (15, 24) , one would expect additional genes might be involved in chromoplast development. Although genes coding for steps in carotenoid biosynthesis have been isolated from photosynthetic bacteria (10) , no genes controlling chromoplast development in higher plants have been isolated.
In previous experiments we detected abundant transcripts in chromoplasts, but the transcripts were from the same regions of plastid DNA as occur in chloroplasts of immature fruits (1 1); i.e. none of the transcripts were specific to the chromoplast itself. Our present strategy is to isolate chromoplast-specific proteins and, through these, to isolate chromoplast-specific genes of the ' (20) . Chromoplasts were isolated by combining features of the chloroplast procedure with the method of Camara et al. (4) . Non-carpal tissues were removed from the fruits. The carpal tissue was cut into small pieces of about 1 cm2, and 200 to 250 g were blended with 700 mL GR mix3 (9) (1 mM NaP207, 50 mM Hepes, 330 mM sorbitol, 2 mM EDTA, 1 mm MgCl2, 2 mM MnCl2, 5 mM isoascorbate, pH 6.8). The clarified brei was centrifuged, the resulting pellet of crude plastids was suspended in GR mix, and the plastids were purified by isopycnic sedimentation in gradients of LCBF (Table I ). The composition of LCBF is 100 mL Ludox AM (E. I. DuPont), 3 g polyethylene glycol (Carbowax 8000, Union Carbide), 1 g of bovine serum albumin (Sigma), and 1 g Ficoll (Pharmacia Fine Chemicals). Percoll may be substituted for Ludox AM with appropriate adjustments for the lower density of Percoll (20) . The protocol is shown in Figure 1 .
Protein Extraction from Intact Plastids. The purified plastid pellet prepared as described above was resuspended in 1 mL of deionized water and left at room temperature for 15 min and centrifuged at 6000g for 5 min. The pellet was resuspended in water and washed twice. The supernatants were combined as the soluble fraction. Samples were made 90% v/v in acetone (21) , mixed at room temperature, and incubated on ice in the dark for 1 h. The suspension was then centrifuged at 5,000g for 15 min at 0°, and the pellet was washed twice with 10 mL acetone, centrifuged, dried under a stream of N2, and stored at -20C.
Electrophoresis. Electrophoretic procedures were generally those of Chua (5 (14, 18, 21) . One-dimensional electrophoresis was performed on 9 to 15% (w/v) linear gradients (17) or on gels of 5 M urea (acrylamide:bisacrylamide = 50:8) as described by Westhoff et al. (23) . For two-dimensional PAGE, the pellet was solubilized in SDS as described (21) . The first 3Abbreviations: GR mix, grind-resuspension mix; LCBF, LudoxCarbowax-bovine serum albumin-Ficoll. 
RESULTS
Isolation of Plastids. Pepper fruits were disrupted in an isoosmotic buffer and the plastids were isolated by a combination of differential centrifugation and isopycnic sedimentation in gradients of silica sol as described in Figure 1 . Gradient tubes contained two prominent pigmented bands (Fig. 2) (Fig. 3) . The total protein fraction of chloroplasts displays an array of polypeptides typical of chloroplasts generally. The membrane fraction contains prominent components characteristic of the Chl a/b-binding proteins. plastids, we carried out electrophoresis in urea, which differentially affects mobilities of hydrophilic and hydrophobic proteins. The chromoplast components whose mobilities correspond to Mr values of 35,000 and 58,000 in SDS-polyacrylamide gels migrated in urea as polypeptides of28,000 and 46,000 to 50,000, respectively (Fig. 4) . No corresponding bands were observed in the chloroplast preparation.
Isoelectric focusing affords resolution of a different kind. We compared, therefore, the patterns of plastid proteins in twodimensional gel electrophoresis with isoelectric focusing in the first dimension and SDS-PAGE in the second (Fig. 5) . The 35-kD polypeptide migrated as a single, homogeneous band, whereas the 58-kD polypeptide resolved into multiple spots which centered on isoelectric point = 6. These might correspond to discrete components or to a single species with minor charge modifications. In one-dimensional gels, the 58-kD polypeptide migrates near to that expected of the large subunit of ribulose-bisphosphate carboxylase. In isoelectric focusing, however, the large subunit has an isoelectric point of 5.85 (Fig. 5, right) , distinctly more acidic than that of the 58-kD polypeptide.
Although the chromoplasts described here were all isolated from the variety Emerald Giant, we have also looked at chromoplasts from var Golden Cal Wonder, in which the immature fruits are green and the mature fruits are yellow, and var DNAP VS-12, in which the immature fruits are white or pale yellow and the mature fruits are red. We detected low levels of the 35-and 58-kD polypeptides in plastids from immature fruits of both Golden Cal Wonder and DNAP VS-12. In chromoplasts from these varieties, we found accumulation ofthe 35-kD polypeptide but none of the 58-kD species (data not shown).
Quantitative Aspects. (Fig. 3) , no chloroplast polypeptides were detected co-migrating with the 58-and 35-kD polypeptides of chromoplasts.
from sucrose gradients (15) . Tomato chromoplasts, however, are more fragile: they become leaky or disintegrate after sedimentation in gradients of sucrose or Percoll (1). Chromoplasts of C. annuum are more stable. Camara et al. (4) showed that intact chromoplasts of mature fruits could survive tissue disruption and differential centrifugation; we added a density gradient step to achieve better separation together with the recovery of intact chromoplasts.
We find that membranes of pepper chromoplasts contain high levels of 35-and 58-kD polypeptides, which are absent or present at very low levels in chloroplasts of green fruits. Similar proteins may occur in chromoplasts of other species but directly comparable data are rare. Beyer et al. (2) isolated chromoplasts (N Hadjeb, CA Price, unpublished data), we suspect that the proteins are coded in the nucleus and synthesized in the cytoplasm.
